Sporadic lymphangioleiomyomatosis (s-LAM) is a rare multisystem, neoplastic disease that almost exclusively affects premenopausal women ([@bib1]). A second form of LAM occurs in up to 30--40% of women and ∼12% of men with tuberous sclerosis complex (TSC-LAM) ([@bib2]). Women with s-LAM present with progressive dyspnea upon exertion, recurrent pneumothorax, chylous thoracic and abdominal effusions, and thoracic and abdominal tumors (including lymphangioleiomyomas and angiomyolipomas) ([@bib3]). Progressive respiratory failure leading to death occurs if the disease is not treated.

LAM cells, the histopathological hallmark of the disease, arise from an unknown extrapulmonary source and spread to the lung and other organs via the circulation and lymphatics. LAM cells express lymphangiogenic growth factors (vascular endothelial growth factor \[VEGF\]-C and VEGF-D) that induce disordered lymphatic channel formation in the lung, which, along with high-level expression of proteinases by LAM cells, likely contributes to lung remodeling and cystic lung destruction ([@bib4], [@bib5]). LAM pulmonary nodules contain inner spindle-shaped α-actin--expressing smooth muscle--like cells and are surrounded by epithelioid polygonal cells that express high amounts of melanocyte markers, including gp100, which is a transmembrane glycoprotein ([@bib5], [@bib6]).

LAM is caused by loss-of-function mutations in one of two tumor suppressor genes, TSC1 (hamartin) and TSC2 (tuberin) ([@bib2], [@bib7]). TSC1 and TSC2 form a complex with TBC1D7 (Tre2-Bub2-Cdc16 \[TBC\]-1 domain family member 7), which inhibits activation of mTOR. Loss-of-function mutations in the TSC1 or TSC2 gene lead to uncontrolled activation of mTOR signaling, which induces the proliferation of tumor-like LAM cells ([Figure 1](#fig1){ref-type="fig"}) ([@bib2]). The mTOR inhibitor sirolimus (rapamycin) is approved to treat patients with LAM in the United States. In clinical trials, sirolimus stabilized lung function and improved the quality of life and functional capacity of patients with LAM ([@bib8]). However, sirolimus is associated with significant toxicities, and long-term safety and efficacy data are lacking. Thus, there is an unmet need for more safe and effective therapies for LAM.

![(*A*) mTOR is an important homeostatic factor that controls different cellular functions depending on how it is coupled. mTORC1 (mTOR complex 1) is composed of mTOR, raptor (a regulatory protein), and other complementary proteins. mTORC1 promotes cellular proliferation and growth by regulating the activity of other proteins, including *1*) inhibiting eukaryotic translation initiation factor 4E-BP1 (4E-binding protein 1), which is a repressor of protein translation; and *2*) activating S6K (S6 kinase), a serine/threonine-protein kinase that promotes cell proliferation and growth, and cell cycle progression. mTORC2 is composed of mTOR and rictor (a rapamycin-insensitive compound), and this complex promotes cell proliferation and migration, and cytoskeletal remodeling, in part by activating RHO GTPases. TSC (tuberous sclerosis complex) functions as an inhibitor of mTORC1. Loss-of-function mutations in the genes encoding two components of TSC (TSC1 \[hamartin\] and TSC2 \[tuberin\]) result in excessive activation of mTOR, the formation of lymphangioleiomyomatosis (LAM) cells, and the seeding and growth of these cells within the lungs and other organs, where they form tumors. (*B*) Han and colleagues transduced Tsc2-deficient kidney tumor cells with a lentiviral vector to induce high-level and stable expression of gp100 by the cells to generate LAM-like cells *in vitro* (*Tsc2*^*−/−*^ gp100^+^ cells) ([@bib9]). T cells expressing a TCR specific for gp100 protein were isolated from pmel-1 transgenic mice, and these T cells were shown to have cytotoxic activity against *Tsc2*^*−/−*^ gp100^+^ LAM-like cells *in vitro*. (*C*) Severe combined immunodeficiency (SCID/beige) mice (which lack an adaptive immune response) were injected via the intravenous route with *Tsc2*^*−/−*^ gp100^+^ LAM-like cells, and LAM-like tumors developed in the lungs of the mice over 1--2 weeks. One group of mice was then treated with a single dose of wild-type (WT) T cells, and another group of mice received gp100-TCR--specific T cells by the intravenous route. The group that received the gp100-TCR--specific T cells developed fewer and smaller lung lesions 3 weeks later than the group that was treated with WT T cells. gp100 = glycoprotein 100; Rheb = Ras homolog enriched in brain.](rcmb.2020-0049ED_f1){#fig1}

In a study reported in this issue of the *Journal*, Han and colleagues (pp. [793--804](10.1165/rcmb.2019-0117OC)) tackled this issue by evaluating a highly innovative immunotherapy approach ([@bib9]). The rationale for this strategy was based on the fact that LAM cells are susceptible to T-cell--mediated toxicity *in vitro* ([@bib10], [@bib11]), but LAM tumors are devoid of infiltrating T cells and express immune checkpoint inhibitors such as PD-L1 (programmed cell death ligand-1) ([@bib12]). GP100 was selected as the target antigen because epithelioid cells in LAM tumors express high levels of this protein (which is only expressed by melanocytes in healthy subjects). The authors used a multistage strategy. First, they developed a LAM-like tumor cell by engineering Tsc2-deficient cells to express gp100. They transduced kidney tumor cells originating from aged *Tsc2*^−/−^ mice with a lentiviral vector *in vitro* to induce stable expression of gp100 by the cells (*Tsc2*^*−/−*^gp100^+^ LAM-like cells). T cells isolated from transgenic mice with gp100-TCR--specific T cells (TCR transgenic pmel-1 mice) were shown to efficiently kill these LAM-like cells *in vitro* ([Figure 1](#fig1){ref-type="fig"}). The authors then developed an animal model of pulmonary LAM by injecting the gp100-expressing LAM-like cells into the circulation of mice that were genetically deficient in T and B cells (severe combined immunodeficiency \[SCID\]/beige mice), and confirmed that the LAM-like cells seeded in the lungs and formed pulmonary tumors over 1--2 weeks. The authors then injected gp100-TCR--specific T cells isolated from major histocompatibility complex--matched pmel-1 transgenic mice (or T cells from wild-type \[WT\] mice as a control) into the circulation of the SCID/beige mice with *Tsc2*^*−/−*^gp100^+^ LAM-like pulmonary tumors, and evaluated tumor growth. T cells were identified within the LAM-like pulmonary tumors, and the gp100-TCR--specific T cells (but not WT T cells) reduced both the size and number of the pulmonary tumors in the mice ([Figure 1](#fig1){ref-type="fig"}). However, the tumors were not completely eliminated. Next, to determine whether the incomplete efficacy of this immunotherapeutic approach was due to exhaustion of the transferred T cells, Han and colleagues measured the levels of PD-1 (programmed cell death protein-1) on tumor-infiltrating T cells and PD-L1 on tumor cells using immunostaining methods. PD-1 expression was lower on infiltrating gp100-TCR--specific T cells than on WT T cells, and PD-L1 expression by tumor cells was inversely related to tumor size, suggesting that PD-1--induced T cell exhaustion was not responsible to the lack of complete responsiveness of the tumors to the immunotherapy immune checkpoint activation. To further test this hypothesis, the authors added an anti--PD-1 antibody to the adoptive transfer of gp100-TCR--specific T cells versus WT T cells in SCID/beige mice with LAM-like tumors. This combined immunotherapeutic approach led to greater elimination of pulmonary tumors only in the mice that received WT T cells.

A strength of this study is that it is the first to report that a targeted immunotherapy has efficacy in an animal model of LAM. In addition, this approach has the potential to attack LAM cells in multiple organs while minimizing on-target toxicity (because gp100 is normally expressed only by melanocytes). A limitation of this work is the small sample sizes that were studied. Also, the authors only treated mice with early-stage disease (allowing tumors to grow for only 1--2 wk) before a single T-cell treatment was given. They also evaluated treatment efficacy only at 3 weeks after the single injection. It is not clear how effective the combined therapy would be if it were initiated in late-stage disease with large tumors, or whether multiple treatments would be needed in later-stage disease. Furthermore, high-level expression of gp100 only occurs in a subset of LAM cells ([@bib4]); in particular, the spindle cells with high proliferative potential in LAM lesions have low levels of gp100 expression ([@bib13]). Thus, targeting only the gp100 antigen in human LAM lesions may not kill sufficient numbers of tumor cells to effectively treat LAM. In addition, patients with vitiligo have T cells that are reactive to gp100, so it remains to be determined whether skin depigmentation would be a side effect of immunotherapy targeting gp100.

Nevertheless, the results of Han and colleagues are exciting because they suggest that antigen-targeted immunotherapy either alone or in combination with immune checkpoint inhibitors may be efficacious in s-LAM. However, additional studies are needed to confirm these findings and evaluate whether immunotherapy is efficacious in late-stage disease in animal models before this approach can advance to clinical trials.
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